Flow intensification episodes lasting more than 12 hours are observed occasionally at different locations along the Nortwestern Mediterranean coast. In the last years, these pulses have hindered ship operations outside the Barcelona harbour, thus attracting the attention of the port authorities. In this paper, the strongest intensification events in the Barcelona coast area are quantified and characterized in order to identify the mechanisms which generate them. For this, current, sea level and meteorological measured and modelled data, at local and regional scale, are analyzed. The results show that the flow accelerations are due to the combination of a narrow coastal shelf and the prevalence of a strong and sustained wind from the NE to SE. The synoptic atmospheric conditions that lead to this meteorological scenario are described. For one of the events, the presence and contribution to the current fluctuations of a coastal trapped wave, likely generated at the Eastern edge of the Gulf of Lions shelf, and other factors such as a freshwater discharge are also identified and discussed.
such as gas and oil related activities (Ivanov and Magnell, 2012) , aquaculture practices (Kumar and Karnatak, 2014) or harbour operativeness (Sánchez-Arcilla et al., 2010) . The coupling of meteorological phenomena and local topographic features are also a probable source for flow pulses. Locally energetic or persistent wind events with a strong alongshore component lead to Ekman transport of surface water, thus enhancing (or dampening) the underlying currents. The combination of atmospheric pressure gradients and winds might generate strong storm surges, with an evident increase of the coastal water motion.
Intense water flows have been observed at different locations along the Catalan coast (NW Mediterranean Sea), usually associated to strong local wind events (e.g., Palanques et al., 2002; Jordà, 2005; Grifoll et al., 2015) , even during energetic events the depth-averaged current magnitudes do not exceed 50 cm/s. However, and coinciding with the southward development of the Barcelona harbour (Figure 1 ), the Port Authority has become aware during the last years of the existence of occasional current intensification episodes near the south port mouth that can hinder the manoeuvrability, approach and entrance of ships into the harbour through this access.
The presence of a permanent southwestward slope current is modulated on the shallowest part of the shelf by numerous physical processes at different temporal and spatial scales, including wind-forced motion (Grifoll et al., 2012) , density-driven currents (Liste et al., 2014) and the propagation of barotropic long waves (Jordi et al., 2005) . The inner and mid-shelf shelf circulation is characterized by a marked seasonal variability due to the heat and freshwater fluxes and the wind characteristics (Grifoll et al., 2013) . Low-frequency motion in this region is controlled essentially by frictional forcing (wind and bottom stresses) and pressure gradients (both barotropic and baroclinic) in shallower waters, and by inertial-scale processes in the outer shelf (Palanques et al., 2002; Grifoll et al., 2012 Grifoll et al., , 2013 Liste et al., 2014) . However, Grifoll et al. (2012 Grifoll et al. ( , 2013 suggest an eventual prevalence of the remote forcing -associated to regional bathymetric features or to the spatial gradients of wind and atmospheric pressure -in water motion but they did not clarify its link with the short-term current intensification (i.e. order of few days).
Following the concern of the Barcelona Port Authority with strong flow events sporadically observed near the south harbour mouth, Espino et al. (2011) undertook a first analysis of these currents, correlating three intensification events with local wind and wave forcings. They found a clear connection between the speed and direction of the wind and those of the currents, and attributed the flow intensification to the enhanced transfer of energy to the top water layers during long and intense wind periods.
The goal of this paper is to go a step further using the output from numerical models and oceanographic and meteorological field data, recorded during a three-year period near the south entrance of the Barcelona harbour and along the Northwestern Mediterranean coast. With this, we aim to characterize and quantify these flow intensifications, and shed some light on their probable causes, local or remote.
2.-STUDY ZONE
In the northmost Spanish Mediterranean coast in which Barcelona is located, the general circulation pattern presents a relatively complex pattern largely determined by the bottom bathymetry (Sánchez-Arcilla and Simpson, 2002) . Particularly important are the characteristics of the continental shelf and the slope. The shelf is broad in the north (about 70 km in the Gulf of Lions, GoL), narrows to less than 20 km in the central stretch of the coast (in front of Barcelona city), and then widens again abruptly to about 60 km further south, in the Ebro Delta Region. The end of the shelf is marked by a fairly steep slope, with a mean value of about 0.01
The focus of this work is placed on the coast off the city of Barcelona, at about 41.3ºN, 2.15ºE, in the Northwestern Mediterranean (figure 1). The general circulation in this area has been described in the previous section, and will not be repeated here. The continental shelf is approximately 20 km wide, in contrast to the much wider shelves to the North (Gulf of Lions) and South (Gulf of Valencia), and plays an important role in determining the local hydrodynamic patterns (Sánchez-Arcilla and Simpson, 2002) . Furthermore, storm-related forcings acting at short timescales (Grifoll et al., 2012) and the freshwater input from two rivers (Llobregat and Besòs) can also influence the flow behaviour in the inner-shelf The water flow variability is strongly correlated with local wind pulses which tend to be south-westerly during summer and relatively variable during the rest of the year (Grifoll et al., 2013) . The depthaveraged flow at depths shallower than 50 m tend to be aligned following the isobaths due to the coastal constrain and the importance of the bottom boundary layer. Eventual storms accelerates the along-shelf flow due to the increasing wind stress with a momentum balance dominated by the pressure gradient force (due to sea-level adjustment) that oppose the wind stress (Grifoll et al., 2015) . In this case, advective terms may be relevant in the momentum balance during the relaxation period of the storm. The importance of the bottom friction and the proximity of the coastline restrict the development of inertial circulation at the mid and inner-shelf during storms. Stratification mainly occurs in the summer due to positive heat flux, and is broken in autumn and winter by water cooling and wind-induced mixing (Font, 1990; Grifoll et al., 2013) . Due to the microtidal character of the Mediterranean Sea, tidal perturbations to the currents are not significant in this area (Poulain et al., 2013; Tsimplis et al., 1995) .
The Barcelona coast is highly urbanized, dominated by the presence of a large commercial harbour which has undergone substantial evolution and development during the last decade, particularly with its southward expansion involving the construction of a new seawall and dock (figure 1). The new south configuration of the port has narrowed the coastal shelf locally by about 1.5 km which, in this particular area, can be up to 20% of its original width. Coinciding with these changes, the harbour pilots have become aware of the existence of occasional strong current pulses near the south mouth that affect the normal ship approach operations.
3.-METHODOLOGY
The analysis of currents in the Barcelona harbour vicinity has been based on different datasets from two currentmeters. The currentmeter location and time windows are presented in table 1 and figure 1. The more extensive dataset spans from June 2008 to July 2011 and was recorded by a buoy-mounted Aanderaa DCS 4100 currentmeter deployed approximately 1.9 km from the Llobregat rivermouth (figure 1). This buoy belongs to the XIOM network (Network of Oceanographic and Meteorological Instrumentation, Bolaños et al., 2009) copernicus.eu) have also been used to assess the synoptic scenarios during the intensification events. The former provided 6-hourly data on atmospheric pressure and wind parameters at 10 m, whereas the latter supplied daily-averaged currents, sea levels and water temperature.
As mentioned above, the current data were analysed to identify anomalous intensification events, defined as those in which the water velocities consistently exceed a threshold value during a period of at least 12 hours. Herein, the measurements closest to the surface (i.e., at -1 m for XIOM and -3.2 m for SIERRA) are used, and the threshold is taken as the monthly 95 th percentile. With this criterion, up to 14 distinctive events can be defined during the June 2008 -July 2011 period, mostly concentrated in spring (6) and summer (5), with only 3 episodes occurring in autumn (1) and winter (2)). In Espino et al.'s (2011) original study, the threshold magnitude was taken (rather arbitrarily) as 1 m/s; using this value, only three pulses can be identified in the same period.
In order to simplify the analyses, the five intensification events with a larger difference between the maximum recorded velocity and the monthly median were handpicked (table 2) . Because of the different instrumental observation windows and existing data gaps, only one of these events (0806) has been measured simultaneously at more than one currentmeter. The current time series at SIERRA was similar to that measured at XIOM, so the SIERRA dataset will be dropped hereafter, and only the XIOM data shall be used in the analyses. 
Event

4.-RESULTS
The flow magnitude and direction as measured by the XIOM currentmeter at 1 m and 10 m depth are presented in figures 2 and 3 for the five events from table 2. The duration of each event (i.e., the time during which the velocity consistently exceeded the 95% threshold) is identified by the shaded box. Also depicted in the figures is the daily mean Llobregat river flow at the Sant Joan Despí gauging station, normalized to fit the plot axes; the maximum flow value is also provided. Water temperature values (not shown) were very uniform with depth, with differences no larger than 0.5ºC between both levels. However, and broadly coinciding with the 1010 intensification occurrence, a 4ºC drop in relation to the previous days was observed at a nearby Puertos del Estado wave buoy (figure 1). This decrease in water temperature will be further analysed in section 5.2.
a) Event 0806 b) Event 0812 c) Event 0904
Figure 2: Left) Current speed and direction recorded by the XIOM buoy at 1-m depth (blue) and 10-m depth (red) during events 0806, 0812 and 0904. The dashed line shows the normalized daily mean Llobregat river flow; maximum river flows are specified in the legend box. Right) Wind speed (blue) and direction (red) recorded at the XIOM buoy during events 0806, 0812 and 0904. In each case, the event is identified by the shaded area. Note that the scale of the y-axis differ between events.
Also shown in these figures (right column) are the wind speed and direction (following the usual oceanographic convention) recorded at the XIOM buoy for all the events. During March 2010 (event 1003), wind data was not measured during the first half of this month, coinciding with the current enhancement phase, and the available time series has been complemented with the ECMWF predictions at the numerical node closest to the XIOM buoy (1.18 km).
a) Event 1003
b) Event 1010 contrast with the other events, the river discharge was relatively important before the intensification, with a 41.6 m 3 /s mean during the previous two weeks. Maximum wind speeds over this period were of about 10 m/s, mainly due to northeasterlies.
The fourth event (1003, figure 3a) started on March 9 th and extended over a 31 hour period, including an initial increase in flow velocity from 0.28 m/s to just over 1 m/s. The maximum Llobregat outflow (44.9 m 3 /s) preceded the intensification event by one day, and the freshwater discharge remained between 25 and 35 m 3 /s during the episode. As mentioned above, no wind data was available for this event.
Finally, the 1010 intensification event (figure 3b) started on October 11 th , 2010, and finished 35 hours later, with an increase in current speed from 0.19 m/s to 1.39 m/s. A very high peak of freshwater discharge (314 m 3 /s) was measured one day before (Oct 10 th ), and a secondary 70.6 m 3 /s peak was also measured during the event. Strong winds of up to 15 m/s blowing from the NE prevailed over this period.
The first visual analyses of the data reveal some features that are common to all the considered events. The intensifications were observed at both the surface and the deeper positions, with a similar current evolution at 1 m and at 10 m depths in terms of magnitude and duration. During the events, the correlations coefficients between surface and deeper currents were 0.26 for event 0904, 0.64 for 1010, and larger than 0.85 for the rest. The current at both depths was generally southwestward, following the local isobaths and in consonance with the direction of the local winds.
The complex correlation coefficient (Kundu, 1976) shows that there is a connection between the currents and the local wind, as pointed out by Espino et al. (2011) , with an amplitude that increases significantly during the intensification times and wind intensity peaks coinciding with the current pulses. For instance, the correlation coefficient for wind and current speeds during June 2008 and October 2010 is 0.15 and 0.51, respectively, but increases to 0.73 and 0.86 during the strong current episodes. This correlation increase can be illustrated with the accumulated correlation coefficient (i.e., the value at time t representing the correlation between current and wind data from the first instant t 0 to t) for each event (figure 4, left), which shows a sharp increase during the intensification period. The exception is event 0904, but in this case the accumulated correlation is already high due to a previous weaker flow intensification observed around April 7 th . The phase angle of the complex correlation coefficient (figure 4, right), which measures the average angle between the current and the wind, varies during the events. For all the intensifications except 0812 the average veering of the currents in relation to the wind at the onset of the pulse is between 15º-28º to the right (clockwise), consistent with Ekman's theory in shallow waters, but it reduces to values close to zero by the end of the event, strengthening the causal relationship between the wind stress and the currents. On the contrary, for the December, On the other hand, peaks in the freshwater discharge from the Llobregat River were observed previously or during to the flow intensifications. In the first case, the presence of the freshwater plume, combined with the local wind forcing, generally introduced a small baroclinic component into the flow, enhancing the surface currents as compared to deeper flows. This is clear, for example, in cases 0806 and 1010 (figures 2a and 3b). Stronger intensifications coincide with concurrent discharge peaks. The existence of a lighter layer of water in the area during the flow pulses might also explain why other similar wind episodes (e.g., around June 25, in figure 2b ) did not result in equivalent current increases.
5.-DISCUSSION
The direct analysis of the in-situ data indicates that current intensifications in this stretch of coast are mainly induced by locally strong and persistent winds blowing from the NE to SE, as suggested by the close correlation between both variables. Other mechanisms, like topographic constraints and local transient phenomena, such as the narrowing of the continental shelf in front of the Barcelona coast and the freshwater discharge from the Llobregat River respectively, might play a secondary role by contributing to enhance the flow acceleration due to the wind.
The former issue was shown by Grifoll et al. (2013) , who used the 1010 episode to validate their application of the ROMS numerical model ROMS (Shchepetkin and McWilliams, 2005) for the analysis of the seasonal circulation over the Catalan inner-shelf north of Barcelona between May 2010 and April 2011. By driving their high-resolution system with MyOcean daily output at the open boundaries, daily ECMWF atmospheric forcing and daily-averaged Llobregat freshwater discharge (see details in their paper), and comparing the output with the XIOM buoy data and three ADCPs mounted north of Barcelona, they managed to reproduce the flow intensification to an acceptable degree. The sequence of modelled adjusted sea level and dailymean current is shown in figure 5 .
The numerical ASL captures well the observed evolution of the adjusted sea level close to the tidal gauge position, taking into account the daily character of the model forcings, and the spatial resolution of their grid. The water circulation pattern evidences a clear spatial variability in the area, where strong currents are originated in front of Barcelona harbour coinciding with the narrowing of the shelf due to the presence of the harbour. With their numerical model, Grifoll et al. (2013) managed to reproduce the flow intensification (see their paper for a graphical and statistical comparison) and also the aforementioned drop in seawater temperature (not shown).
Since they were using a daily-averaged river outflow, it is difficult to assess the exact effect of the riverine outflow on the coastal currents, but the agreement they found suggests that the role of the freshwater on the event recorded in October, 2010 is of secondary importance as compared to other forcings such as the wind. For the 0806 event, the position of both the XIOM and SIERRA buoys in relation to the river mouth make it very plausible that they are inside the bulge of the freshwater plume when the N-NW winds settle in. For this episode, the outflow peak occurred 3 days before the intensification, but for the previous 2 days the freshwater discharge was higher than about 35 m 3 /s, and coincided largely with winds from the W-N, contributing to extend the plume offshore. In other cases with similar wind characteristics, the absence of a surface layer of fresher water might reduce the intensity of the flow pulses. From this basis, it is worthwhile to derive a simple description of the regional atmospheric patterns that lead to these intensification events. Supported by actual meteorological forecasting, such a description would allow predicting the likely occurrence of flow accelerations, thus permitting to take them into consideration when planning harbour operations or other coastal activities. Based on the outcome of this analysis, further attention is dedicated to event 1010. This is described in the following sections.
5.1.-Synoptic scale analysis
An analysis of the regional atmospheric and oceanographic conditions in the days leading to the events has been done using the 6-hourly forecasts provided by the ECMWF at a 0.125ºx0.125º resolution, and the MyOcean daily forecasts at a resolution of 0.0625ºx0.0625º.
The respective atmospheric scenarios present some commonalities for all the events. They all coincide with strong and persistent winds blowing from the NE to SE over the NW Mediterranean, with velocities that occasionally reach between 16-20 m/s. These atmospheric flows are induced by the coexistence of a low-pressure centre located over the Iberian Peninsula and a high-pressure area over Central Europe. This pattern is illustrated in figures 6 and 7, which show the mean sea level pressure and wind speed and direction corresponding to events 0904, 1003 and 1010. In figure 6a, a depression develops over the eastern half of Iberia in the hours leading to the 0904 episode, whereas the high located initially over Slovenia shifts northeastwards. The resulting pressure distribution facilitates the apparition in the NW Mediterranean of winds with a significant easterly component (figure 6b). Similar synoptic scenarios are apparent in figure 7 for events 1003 (a) and 1010 (b). For both 2010 intensifications, the Iberian low-pressure centre moves slowly along the coast. For 1003 (figure 7a), this depression enters the Mediterranean Sea just south of Valencia, travels northward and remains stationary north of the Balearic Islands; for 1010 (figure 7b), the low enters the coast south of the GoL and then moves southward, being replaced by another depression coming from North Africa that remains for 12 hours over the Balearic Islands. The trajectory of these lows is indicated in figure 7 .
However, divergences in the atmospheric situation leading to the various events are also apparent. Whereas in the first four cases (except 1010), the onset of intense (south-or north-) easterlies follows a prolonged period of up to two weeks of strong N (Tramontane) and NW (Mistral) winds blowing into the Gulf of Lions, event 1010 is preceded by a sustained period of strong E (Levante) winds blowing over the GoL and along the Catalan coast. This difference can be seen by plotting the stickplot of the ECMWF wind for events 0904 and 1010, as modelled close to the centre of the GoL (3.75E, 42.75N) (figure 8). The aforementioned differences in atmospheric conditions between the first four events and event 1010 are replicated in the daily mean hydrodynamic patterns provided by the MyOcean forecasting system. For events 0806, 0812, 0904 and 1003, associated to a previous history of strong N-NW winds, the surface current pattern in the NW Mediterranean is characterized by the presence of numerous eddies and filaments, together with a quasi-permanent southward current on the shelf break. Figure 9 shows the current and sea level anomalies relative to the monthly mean value for event 0904. The daily mean sea level anomaly for these events shows a (synchronic) increase at the coast of about 5 cm, much weaker than the observed signal, but compatible with the observations at the Barcelona tidal gauge. This variation in sea level values is also similar to the mean wind-induced setup expected for these winds according to the simple 1D model proposed by Kamphuis (2000) to estimate storm surge:
where S is the storm surge, x is the distance over which the storm surge is calculated, u is the wind speed, φ is the angle between the wind direction and the x-axis, D is the new depth of the water (d+S), and ξ (=3.2·10 -6 ) is a constant. Here, using a mean bottom profile of the Catalan coast and average wind parameters during the events yields a storm surge between 4 to 9 cm high. Therefore, we conclude that this increase in sea level is due to local wind setup.
For the 1010 case, preceded by persistent easterlies in the GoL, the shelf break current is replaced by a meandering current located farther offshore, and by a narrow coastal current that originates in the GoL and is also observed later on along the Catalan coast (figure 10). The maximum daily mean flow speeds within this jet (approximately 1 m/s) are found off Barcelona on October, 12 th , probably linked to the narrowing of the continental shelf in this area. The daily mean sea level also increases (between 6 and 20 cm, depending on the latitude) and shows the same "southward-propagating" behaviour as for the currents. The magnitude, timing and evolution of both the currents and the sea level are consistent with values observed in Barcelona; furthermore, the modelled water temperature shows a 4ºC decrease during the intensification, which is also captured by a Puertos del Estado buoy located offshore from Barcelona. 
5.2.-Event scale analysis: the October, 2010 intensification
The singular characteristics of the 1010 episode suggests that other factors, in addition to local wind forcing combined with shelf narrowing, might be playing a role in the coastal flow intensification. In particular, the MyOcean results show a perturbation apparently propagating southward from the Gulf of Lions, resulting in stronger flows, higher sea levels, and lower water temperatures off the Barcelona coast. These are compatible with the aforementioned drop in seawater temperature observed at the offshore Puertos del Estado buoy, and with the 36 cm rise of the sea level during a three-day period measured at the Barcelona harbour tidal gauge (see figure 5 ,c). To analyse this phenomenon, the adjusted sea level (ASL) at Barcelona and three additional tidal measuring stations along the NW Mediterranean coast (Fos-sur-Mer, Sant Carles de la Ràpita and Valencia; figure 1) have been obtained by removing the effects of the local atmospheric pressure (inverse barometer correction) on the detided and detrended sea level, and filtering out the variance below the 2 day band to eliminate higher-frequency signals.
All the monitored stations show disturbances during the same period that are analogous to that observed at Barcelona ( figure 11, left) , and the time lagging of ASL peaks at the four stations suggests the presence of a transient perturbation in the coastal trapped wave (CTW) category propagating southward along the shelf. Further evidence of the presence of a CTW during this event can be obtained by correlating the alongshore component of the flow (v) with the crossshore gradient of the adjusted sea level (∆η/∆x). For long CTW, both variables should be in geostrophic equilibrium (LeBlond and Mysak, 1978) , implying a linear relationship between alongshore current changes and variations of the sea level at the coast:
where f is the Coriolis frequency, g is gravity's acceleration, and ∆x is a cross-shore lengthscale.
Due to the lack of sea level measurements along a cross-shelf section, Schumann and Brink (1990) correlated longshore currents with sea level data in South Africa and found linear regression coefficients that were high enough "for some confidence to be placed in the geostrophic relation". Following their approach, the relation between v and η during October 2010 as measured in Barcelona has been obtained ( figure 11, right) . In this plot, blue circles and red squares correspond to data acquired during the 1010 event (before and after the ASL peak, respectively). During the complete event, there is a significant relation between the adjusted sea level and the alongshore velocity, with a correlation coefficient of 0.72. The correlation is somewhat higher during the first half of the event (10 th -12 th Oct, R = 0.96) corresponding to the increasing sea levels, than during the last half (12 th -14 th Oct, R = 0.85). A linear regression for both subsets of data yields large determination coefficients (0.92 and 0.73), as shown in figure  11 , right (blue and red solid lines), suggesting a quasi-geostrophic behaviour of the hydrodynamics during the event. Deviations observed from the theoretical geostrophic behaviour could be related to frictional terms, wave-induced momentum flows and baroclinic forcing. Although Grifoll et al. (2013) showed that the former two (i.e., friction and wave-forced flows) are small compared to the Coriolis and cross-shore sea level gradient terms in the Barcelona inner shelf at long (monthly) timescales, they can become important at smaller (event) scales, especially during more energetic periods. On the other hand, the baroclinic component of the pressure gradient can also be relevant, taking into account the continuous freshwater discharge during the days previous to the event and, in particular, the 314 m 3 /s (daily mean) outflow from the Llobregat river on 10 th October. Some of these factors might also explain the asymmetry obtained in the slope of the linear regression between the acceleration and deceleration phases of the pulse, but it is difficult to draw conclusions from one single event and using such a short timeseries.
The existence of such waves in this area was determined by Jordi et al. (2005) after studying velocity and sea level records at different locations in the north Catalan Sea. Their correlations indicated the presence of southward propagating waves at phase speeds of 9.20, 2.30, 0.90 and 0.40 m/s, the last three of which were close to the values predicted by Brink and Chapman's (1985) model for free CTW modes (2.43, 0.85 and 0.40 m/s) in the area. Taking into account the approximate distance along the coast between Fos-sur-Mer and Barcelona (440 km, which includes Jordi et al.'s (2005) study area) and the time lag between corresponding peaks, the observed ASL signal could be associated to a CTW with a phase speed of 2.78 m/s, consistent with the first free CTW mode given in Jordi et al.'s (2005) work. According to Brink (1982) , this first mode is the main responsible for determining the dynamics of the coastal pressure field. South of Barcelona, the widening of the continental shelf contributed to speeding up the CTW (Battisti and Hickey, 1984) , which travelled at a mean phase speed of about 5.00 m/s along the eastern Spanish coast, considering the distance and time delay between Barcelona and Valencia. The relationship between wind-forced coastally-trapped waves and coastal sea level, temperature and flow fluctuations has been described by numerous studies in different coastal systems (e.g., Brink, 1982; Schuman and Brink, 1990; or Jordi et al., 2005, amongst others) .
Although it is widely accepted that the main forcing for CTW is the alongshore component of the wind (Schumann, 1983) , the complex bathymetry of the NW Mediterranean continental margin and the interaction of Kelvin waves associated to the Northern Current with the east edge of the GoL shelf (Echevin et al., 2003) can alter the simple wind-forced generation theory (Jordi et al., 2006) .
A plausible alternative to justify the sequence of sea level peaks along the coast would be the simple piling of water by the onshore component of a wind jet moving southward. This explanation, however, does not seem acceptable in this case for several facts. First, the magnitude of the observed sea level increase is significantly larger than the expected windinduced setup, as mentioned above; second, it cannot explain the drop in water temperature measured off Barcelona; third, the wind direction in Valencia and Fos-sur-Mer, before and during the local sea level peaks, is not particularly favourable to coastal water piling, especially in Fos-sur-Mer, where the wind blows from the NE, away from the coast.
5.3.-Relationship between current intensification and climate change
Since the intensifications are linked to the prevalence of strong easterlies, typically associated to the presence of lows in the southwestern Mediterranean and highs over Central Europe, it is interesting to try to relate the intensification events to corresponding climatic indices. For this, the dates and intensities of all the recorded events (14) have been plotted on the timeseries of the monthly values of two indices which have been shown to play a role in European climatology. The North Atlantic Oscillation (NAO, Jones et al., 1997) is the most important large-scale mode of climate variability impacting Europe, and it has been correlated to precipitation rates (Hurrell, 1995) , Alpine snow cover (Beniston, 1997) , thickness of the ozone layer over the continent (Appenzeller et al., 2000) or sea levels in the Mediterranean (Tsimplis et al., 2013; Martínez-Asensio et al., 2014) , amongst other variables. The second index, the Western Mediterranean Oscillation (WEMO, Martín-Vide and López-Bustins, 2006 ) is a regional climatic pattern that has been shown to be better correlated than NAO to different phenomena in the Western Mediterranean region, such as rainfall (Hidalgo-Muñoz et al., 2011) of wave climate (Guizien, 2009) .
Although the number of total events (14) is too small to obtain a significant correlation between intensifications and climatic indices, some interesting conclusions can be extracted. There is no obvious relation between the monthly value of the climatic indices and the magnitude of the intensifications. However, most of the events (85%) were observed during the negative phase of these indices ( figure 12, top) ; regarding the 5 specific events analysed in this paper, 4 were measured during negative WEMO months, whilst each one of them coincided with a negative NAO period. The Western Mediterranean regional character of the WEMO index makes it particularly appropriate to relate to these events. The apparent relationship between the current pulses and this index suggests that, if the negative trend exhibited by the monthly WEMO index since 1950 (figure 12, bottom) is sustained, current intensifications along the Catalan coast and, in particular, on the Barcelona shelf can become more frequent in the future, thus leading to more important and recurrent limitations to ship operations outside the port, under its actual physical configuration, and general maritime activities.
6.-CONCLUSIONS
Relatively strong flow intensification episodes lasting between 1 and 3 days are observed systematically in the Catalan coast (Northwestern Mediterranean), without a clear seasonal pattern. In addition to their intrinsic scientific interest, these current pulses can also have practical effects for harbours, maritime transport or aquaculture activities. The goal of this study is to attain sufficient knowledge on the influence of the hydrodynamic and meteorological forcings on these events in order to allow its prediction.
Different types of information have been investigated in an attempt to further the knowledge on factors that could generate flow intensifications in this area. Observational meteo-oceanographic data have been combined with numerical products in order to identify local and/or remote forcings. The main mechanism responsible for these intensifications appears to be a combination of wind and topographic effects (increased shelf narrowing due to harbour expansion), although other second-order forcings (e.g., river discharge) also contribute to the flow pulses. The role of the wind was already mentioned in a previous research study (Espino et al., 2011) , but no reference was made therein to secondary forcings.
The analyses of local current and wind data during the events show a high correlation, indicating that the water flow intensifications are induced locally by the strong prevailing easterly or northeasterly winds and possibly enhanced by the proximity of the coastal boundary. Both the overall correlation coefficient and the phase angle are consistent with the generation of local wind-forced currents. In general, the increase in the sea level observed during these events is also compatible in magnitude with the storm surge expected under these winds, supporting the local origin of these intensifications. High-resolution numerical modelling has highlighted the channelling effect due to topographic steering and the narrowing of the coastal shelf, especially in front of the Barcelona harbour where recent port development has further reduced the available shelf width. In the vicinity of the Llobregat rivermouth, the wind-induced intensifications are strengthened by the presence of the freshwater plume, explaining why similar wind episodes do not result in analogous flow pulses. For one of the events (October 2010), a further contribution was due to the passing of a coastally trapped wave, likely generated in the eastern edge of the Gulf of Lion, and propagating southwards over the shelf.
At a synoptic scale, the meteorological conditions during the intensification events show that the typical scenario under which these pulses occur is characterized by the presence of a depression over the Iberian Peninsula and a high pressure centre over Central Europe, following a sustained period (7-14 days) of strong NW-N winds in the Gulf of Lions. However, this general scenario can be altered by the existence of a deep low-pressure centre over the NW Mediterranean, in which case the prevailing winds before the events are easterlies.
The relation between the flow intensifications and the NAO and WeMO climatic indices shows that the current pulses tend to coincide with negative phases of these indices. Although the number of events is too small to allow extracting significant correlations, this comparison introduces the probability that such current accelerations will be more frequent in the future, thus leading to more important and recurrent effects upon maritime uses, including enhanced limitations to ship operations outside the port of Barcelona. Nevertheless, further research is necessary to clarify the exact mechanism by which these disturbances are generated, their frequency in the NW Mediterranean, and their precise contribution to the observed flow intensifications as compared to the local storm surge effects.
